WITH THE TECHNICAL ASSISTANCE OF HELEN LIEPINS (From the Department of Microbiology, Harvard School of Public Health, Boston)
(Received for publication, October 16, 1958) Deliberate alteration of cellular metabolism through nutrient depletion has been used successfully in the study of virus synthesis. The validity of such studies is strengthened if cell viability is not irreversibly destroyed. Examples of such studies are the relationship of glucose and some amino acids to the synthesis of influenza and psittacosis viruses (1, 2) .
In a previous report (3) , experimental results were presented showing that the HeLa and conjunctival cells degenerated slowly when nutrient media were depleted of bicarbonate, and that multiplication would resume with the repletion of bicarbonate. Subsequently, Geyer showed that extracts prepared from cells grown in the presence of bicarbonate, but not from those maintained in bicarbonate-depleted medium, would initiate rapid multiplication of cells in bicarbonate-depleted medium (4) ; this activity of cell extracts is said to be associated with the nucleoprotein fraction (5) . Since bicarbonate is known to be a precursor of the nucleic acids in many biological systems and ribonuc]eic acid is related to protein synthesis (6) , virus multiplication in human cells can be suppressed through bicarbonate depletion. Through study on the propagation of three different viruses in bicarbonate-depleted HeLa and conjunctival cells, it has been possible to demonstrate the participation of bicarbonate in the synthesis of ribonucleic acid in human cells and a close relationship between ribonucleic acid and virus syntheses. Such experimental results are presented herewith.
Materials and Methods
Nutrient Media.--This consisted of 10 per cent dialyzed horse serum in a modified Eagle's basal medium (7) ; the modifications consisted of the addition of mesoinositol to a final concentration of about 20 #~, the omission of biotin and the substitution of bicarbonate by tris0aydroxymethyl)aminomethane buffer to a final concentration of 5 m~¢. The initial pH was adjusted to 7.8 with 0.1 N HCI. One single batch of dialyzed serum was used; this serum * Supported by research grants E553(C5) and SF-131 from the National Institutes of Health.
had been pretested and found negative for non-specific inhibitors against polio-and Coxsackie viruses (8) .
Vir~s~.--Tissue culture pools of Coxsackie virus group B type I and poliovirus type I were used. A vaccinia virus pool was prepared from infected chorio-allantoic membrane of chick embryos. For the Coxsackie and poliovirus, inoculi were adjusted so that advanced cytopathogenic effect (CPE) would appear regularly in bicarbonate-containing culture within 48 hours after infection; these consisted of 0.1 ml. of 10 -'4 and I0 -a of the Coxsackie and polio pools respectively, representing 30 to 100 ID~ doses. The vaccinia inoculum consisted arbitrarily of 0.1 mi. of the virus pool diluted at 10--s; with this inoculum advanced CPE appeared regularly on the 4th day.
lluman Cd/s.--The conjunctivai and HeLa cells were used as representative cell lines derived respectively from normal and malignant human tissues. All cell lines and virus pools had been examined and found free of contamination by bacteria or pleuropneumonia-like organisms.
Compounds.--Commercially available ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) and their derivatives were tested at final concentrations of 1 to 25 micrograms per ml. media. Specific enzymatic degradation of KNA and DNA were performed, using crystalline RNAase and DNAase respectively, as described (6) . Each RNA derivative was obtained from two commercial sources (California Foundation for Biochemical Research, Nutritional Biochemical Corporation and Schwarz Laboratory). Crude RNA was also prepared from about 50 gin. of human embryonic tissue by extraction of blenderized tissues with 100 mi. of 0.9 per cent sodium chloride solution followed by deproteinization with chloroform (6); the deproteinized extract was degraded with about 1 rag. of crystalline ribonuclease at pH 4.5 for 24 hours at 37°C.
The maintenance of cell lines, assessment of cell multiplication, titration of virus, and depletion of bicarbonate were performed as described previously (3, 8) . All reagents and media were exposed to an alkaline CO2-trapping device for at least 24 hours before use to reduce the bicarbonate content to a minimum; diluted virus, however, was exposed for 1 hour.
Ass~ssmo~t of Virus Propago~ion.--A series of new culture tubes were inoculated with 1 ml. medium containing about 15,000 cells per tube. On the 3rd day, cells in 2 tubes were enumerated and discarded; media were changed, and the alkaline CO2-trapping device installed for the remaining cultures. On the 5th day, this procedure was repeated and, in addition, the cultures were infected with virus together with various compounds. In experiments where bicarbonate-containing controls were indicated, the alkaline CO2-trapping devices were removed from the appropriate cultures without the addition of bicarbonate. These cultures were examined twice daily for 5 more days without changing the media. Virus content of the culture was titrated when advanced cytopathogenic effect (CPE) appeared, or at the termination of each experiment if CPE was not observed. Appropriate controls will be described in Results. A clonai line of the HeLa cell and a single batch of horse serum, known to be free of non-specific inhibitor against polio-and Coxsackie viruses, were used for all virus titration.
RESULTS

Effect of Bicarbonate Depletion on CPE Due to Coxsackie Virus.--Under
the described conditions, the Coxsackie virus caused the appearance of CPE in bicarbonate-containing culture within 48 hours after infection. In bicarbonate-depleted cultures, no CPE has yet been observed for periods up to 5 days after infection. At the termination of each experiment, 2 uninfected bi-carbonate-depleted cultures were repleted with bicarbonate, media were then renewed every other day, and, after 1 or 2 weeks, the number of cells per culture were counted. In all experiments it has been possible to demonstrate that at least some cells of the uninfected control culture were able to resume active multiplication following repletion of bicarbonate. In cultures showing no CPE, the pH of the media generally decreased to 7.0 to 7.2 on the 5th day. Observation beyond the 5th day was not made regularly since renewal of nutrient medium would be necessary; bicarbonate would then be introduced during the * Indicates the number of days after infection when advanced cytopathogenic effect appeared; "Neg." indicates absence of CPE up to the 5th day.
:~ Amount of virus per milliliter media, expressed as the negative logarithm of the highest dilution of media giving rise to CPE in half of the inoculated tubes.
§ NT, not tested. I[ No actual addition of bicarbonate; endogenous supply of bicarbonate was allowed to accumulate through the removal of the alkaline CO2-trapping device.
process of nutrient renewal. In some preliminary experiments, when cultures were infected without prior bicarbonate depletion and when media were regularly renewed every other day, bicarbonate depletion produced only a delay of 1 or 2 days in the appearance of CPE. No difference has yet been observed between HeLa and the conjunctival cells with respect to the appearance of CPE. Clone lines from both cells also gave similar results. Table I . Experiments 1 and 3 were performed with the conjunctival cell line while Experiment 2 was performed with the HeLa cells. The addition of RNA to bicarbonate-depleted cultures expedited the appearance of CPE and increased the yield of virus similar to the removal of the CO2-trapping device. In contrast, the addition of DNA neither expedited the appearance of CPE nor increased virus yield in bicarbonate-depleted culture; instead, the cells appeared more granular and vacuolated than control culture without DNA. Specific enzymatic degradation of RNA and DNA did not detectably alter this result, which suggests that some derivatives of RNA may also abolish the effect of bicarbonate depletion on the synthesis of Cox- Combinations of 4 nucleotides (adenylic, guanylic, cytidylic, and uridylic acids) or of 4 nucleosides (adenosine, guanosine, cytidine, and uridine) gave results similar to RNA. In contrast, adenine, guanine, cytosine, and uracil, with or without ribose, failed to expedite the appearance of CPE. When these nucleotides, nucleosides, purines, and pyrimidines were tested individually, only cytidylic acid, uridylic acid, cytidine, or uridine were effective; however, the appearance and the progression of CPE were detectably slower than with RNA. Increasing the concentration of adenylic acid or uridine to 100 micrograms per ml. media did not detectably alter the results. * Based on results of other experiments; "No" = no CPE up to the 5th day, and "Yes" CPE on 2nd or 3rd day after infection.
Effect of Addition of RNA and DNA on CPE and Virus Yield of BicarbonateDepleted Cultures Infected with the Coxsackie Virus.--The results of three such experiments are shown in
:~ Average number of mitoses per microscopic field (I10 X) on 2nd and 3rd day; 4 fields counted per culture.
§ Number of cells )< 10 a in each of 2 cultures on the 3rd day; zero day counts are 22 and 24 for the conjunctival cell, and 22 and 30 for the HeLa cell.
II See corresponding footnote Table I . ¶ See corresponding footnote Table II. Combinations of deoxyadenylic, deoxyguanylic, deoxycytidylic, and thymidylic acids, or deoxyadenosine, deoxyguanosine, deoxycytidine, and thymidine, or adenine, guanine, cytosine, and thymine also failed to expedite the appearance of CPE.
Effect of RNA and Derivatives on Mitotic and Cell Counls.-Experimental results reported thus far clearly indicated that the addition of RNA and some of its derivatives abolished the deleterious effect of bicarbonate depletion on the propagation of the Coxsackie virus. In a previous report (3), it was shown that cell cultures depleted of bicarbonate degenerated slowly over a period of 7 to 14 days as indicated by net decrease in the number of cells. To determine whether the beneficial effect of RNA and its derivatives on the synthesis of Coxsackie virus is due to their ability to cause resumption of cell multiplication and, hence, normal virus synthesis, the following experiment was performed. Cultures were prepared as described in Materials and Methods. Two days after bicarbonate depletion, the number of cells per culture was estimated by counting 2 cultures selected at random; this was considered as the zero day count. Media in the remaining cultures were changed and RNA and its derivatives were added. The number of mitoses per microscopic field (110 X) was counted on the 2nd and 3rd day; the number of cells per culture, on the 3rd day. Results are presented in Table III ; no positive correlation between Table IV , which are similar to those of Coxsackie virus. The addition of RNA or the 4 nucleosides reversed the suppressive effect of bicarbonate depletion as rapidly as bicarbonate repletion. While cytidine or uridine are also effective, the appearance of CPE is distinctly slower. In contrast to the Coxsackie virus, bicarbonate depletion failed to suppress completely the synthesis of poliovirus. The addition of DNA, the bases plus ribose, adenosine, or guanosine further delayed the appearance of CPE; this delay, though small, has been consistent in all 3 experiments. In the 3rd experiment the effects of uridine and cytidine were not apparent. In some preliminary experiments when cultures were infected without prior bicarbonate depletion, subsequent depletion of bicarbonate did not delay the appearance of CPE. (9), experiments were performed to determine whether degraded RNA or DNA would expedite the appearance of CPE in bicarbonate-depleted cultures infected with this virus. Results are presented in Table V ; the general results were the same as those obtained with Coxsackie virus. Both experiments were performed with the HeLa cells. 
Effect of Degraded
Neg. 4 4
Neg. Table I . ¶ See corresponding footnote of Table II .
DISCUSSION
Certain relationships between cellular RNA metabolism and virus synthesis have been implicated previously by several investigators. Bauer (10) studied the enzymatic activity of mouse brain tissue infected with yellow fever, lymphocytic choriomeningitis, vaccinia, and dengue viruses; in many instances he was able to demonstrate 10 to 90 per cent increase in the activity of certain nucleosidases and nucleotidases. Kovacs reported an increase in ribonuclease activity of monkey kidney cells infected with poliovirus (11). Maassab, Loh, and Ackermann (12) demonstrated a 2.5-fold increase in cytoplasmic RNA 6 hours after the infection of HeLa cells by the poliovirus. Increase in RNA content of bacteria after phage penetration has also been demonstrated (15) . Through the use of bicarbonate-depleted cell cultures, we have been able to establish a close relationship between cellular RNA metabolism and the synthesis of the Coxsackie, polio-, and vaccinia viruses. The validity of this conclusion is strengthened by our ability to demonstrate that viable cells are present after bicarbonate depletion for the duration of the experiment, and that the nucleosides are able to expedite the appearance of CPE without resuming multiplication of bicarbonate-depleted cells as determined by net increase in the number of cells per culture. Since poliovirus and presumably Coxsackie virus are RNA viruses (14) , the close relationship between their propagation and cellular RNA metabolism is, perhaps, to be expected. On the other hand, the vaccinia virus is said to be a DNA virus (9) ; yet it is the RNA derivatives and not DNA derivatives which expedite the appearance of CPE in bicarbonate-depleted cultures infected by this virus. This finding suggests that the suppression of viral synthesis following bicarbonate depletion is probably not caused by a lack of precursor for viral nucleic acid. It rather lends support to the hypothesis that virus induces the formation in the infected cells of new proteins, presumably enzymes, which are necessary for the formation of virus precursors; any interference with cellular RNA metabolism would result in the suppression of new protein synthesis which would in turn interfere with virus synthesis.
Through the use of bicarbonate-depleted cultures infected with the Coxsackie virus, it has been possible to demonstrate that bicarbonate is a precursor of RNA and that the purine and pyrimidine bases are not detectably utilized for RNA synthesis in human cells under the described experimental conditions. This suggests that CPE produced by certain viruses may be profitably utilized as an easily recognizable indicator in the study of pathways of biosynthesis of the biologically active macromolecules in human cells. Such a possibility is currently being investigated.
The experiments on the multiplication of bicarbonate-depleted HeLa and conjunctival cells after the addition of some RNA derivatives suggest that bicarbonate participates in the synthesis of essential cell constituents other than RNA.
The possibility that the action of RNA and its derivatives may have been due to some unknown chemical contaminant should be considered. Based on the following observations, however, this possibility seems remote :--1. The ability of bicarbonate, the nucleosides, the nucleotides, degraded RNA and RNA, but not the purine or pyrimidine bases, to reverse the suppressive effect of bicarbonate depletion is in complete agreement with the current concept of the pathways of biosynthesis of RNA in many living organisms (6, 13).
2. Yeast RNA from 2 commercial sources and a crude RNA from human embryonic tissue are equally effective.
3. The nucleosides and nucleotides purchased from one commerical source are said to be free from all detectable organic impurities as determined by chromatography, spectral and elementary analysis.
The ability of bicarbonate-depleted cells to synthesize the poliovirus but not the Coxsackie virus is a finding of some interest. Presumably bicarbonate at a very low level is still available for certain metabolic processes in these bicarbonate-depleted cells; it is perhaps very unlikely that the alkaline CO~-trapping device is capable of absorbing rapidly the endogenous supply of COs. It is possible that the synthesis of poliovirus can proceed at lower concentration of bicarbonate than the Coxsackie virus. Further study is required to elucidate this point.
The ability of the pyrimidine nucleosides but not the purine nucleosides to reverse the suppression of virus synthesis by the depletion of bicarbonate deserves some consideration. Although the CPE appears 1 day later than a combination of purine and pyrimidine nucleosides, the reversion of virus synthesis has been consistently observed with 8 different preparations of pyrimidine nucleosides and nucleotides. Three possible explanations may be considered:
1. Pyrimidine nucleosides are invariably contaminated by purine nucleosides.
2. The synthesis of purine nucleosides is able to proceed at this very low level of bicarbonate.
3. Pyrimidine nucleosides are depleted more readily than purine nucleosides. Finally it should be pointed out that emphasis has been placed on the appearance of CPE for the duration of the experiment. The selected strains of virus have been extensively tested and known to produce CPE regularly in HeLa and conjunctival cells maintained in our laboratory. Any delay in the appearance of CPE for more than 24 hours has been taken as interference with viral propagation. Viral titrations were performed merely to provide more objective data on viral propagation. In these experiments, no attempt was made to determine accurately viral production under different conditions. The author is aware that variation in the bicarbonate content of medium from 0.028 to 0.6 per cent may significantly affect the yield and plating efficiency of some strains of poliovirus (16) (17) (18) .
SUMMARy
The propagation of a strain of Coxsackie virus, group B type I, in human cell cultures depleted of bicarbonate has been studied. Under the described experimental conditions, bicarbonate depletion suppresses the propagation of this virus. This suppressive effect may be reversed by the addition of the following compounds to the bicarbonate-depleted cultures: (a) bicarbonate; (b) adenosine, guanosine, cytidine, and uridine; (c) adenylic, guanylic, cytidylic, and uridylic acids; (d) enzymatically degraded RNA prepared from yeasts or human embryo, or (e) RNA. The following compounds are unable to reverse the suppressive effect of bicarbonate depletion: (a) adenine, guanine, cytosine, and uracil, with or without ribose; (b) adenine, guanine, cytosine, and thymine; (c) deoxyadenosine, deoxyguanosine, deoxycytidine, and thymidine; (d) deoxyadenylic, deoxyguanylic, deoxycytidylic, and thymidylic acids; (e) enzymatically degraded DNA, or (f) DNA.
The same general results as with the Coxsackie virus have been obtained with a strain of poliovirus and vaccinia virus. The failure of bicarbonate de-pletion to suppress completely the propagation of the poliovirus under the described condition constitutes a major difference.
The significance of these findings is discussed.
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